Women are at relatively greater lifetime risk for depression than men. This elevated risk in women is partly due to heightened risk during time periods characterized by marked fluctuations in sex hormones, including postpartum and perimenopausal periods. How sex hormone fluctuations contribute to heightened risk is not fully understood but may involve intrinsic functional connectivity. We induced a biphasic ovarian sex hormone fluctuation using the gonadotropin-releasing hormone agonist (GnRHa) goserelin to determine, with a randomized placebo-controlled design, intervention effects on or GnRHa-provoked depressive symptoms associations with change in resting-state functional connectivity (rs-FC) in 58 healthy women for six seeds (amygdala, hippocampus, anterior cingulate cortex, dorsal raphe, median raphe, and posterior cingulate cortex). GnRHa intervention did not significantly affect rs-FC in any seeds. Considering the GnRHa group only, the emergence of depressive symptoms following intervention was positively associated with amygdala-right temporal cortex and negatively associated with hippocampus-cingulate rs-FC. A test for mediation suggested that rs-FC changes in these networks marginally mediated the association between decrease in estradiol and increase in depressive symptoms in the GnRHa group (p = 0.07). Our findings provide novel evidence-linking changes in rs-FC networks, the emergence of depressive symptoms and sex hormone fluctuations. Notably, we observed evidence that changes in rs-FC may represent a key neurobiological intermediary between molecular changes induced by hormone fluctuations and the emergence of depressive symptoms. Taken together, our findings indicate that sex hormone fluctuations may contribute to heightened risk for developing depressive symptoms by affecting intrinsic functional connectivity of key limbic brain structures.
INTRODUCTION
Lifetime risk for major depression is twice as high in women than in men (Kessler et al, 1993) . Periods of ovarian sexsteroid hormone fluctuation may contribute to this increased risk. Postpartum depression (Munk-Olsen et al, 2006) , premenstrual dysphoric disorder, and major depression with onset during menopausal transition (Freeman et al, 2006 (Freeman et al, , 2013 are mood disorders coincident with fluctuations, or a rapid decline, in ovarian sex-steroid hormones. Recent evidence support that only a certain subgroup of women is particularly sensitive to changes in sex steroid hormone milieu (Mehta et al, 2014) . Nevertheless, owing to a prevalence of 13% of postpartum depression (MeltzerBrody et al, 2013) and 10-30% of depressive episodes in menopausal transition even in women with no previous history of depression (Freeman et al, 2013 ) these disorders constitute a major public health problem. Longitudinal data show that fluctuation in estradiol is the strongest risk factor for developing subclinical/manifest depressive episodes during menopausal transition (Freeman et al, 2006) . That excess risk attenuates from the time menopausal state is established (Freeman et al, 2013) . In post-partum depression (PPD), estradiol sensitivity is a core risk mechanism (Bloch et al, 2000; Guintivano et al, 2014) . Yet, delineating possible risk mechanisms associated with sensitivity to sex-steroid hormone fluctuations requires further investigation.
Several limbic brain regions are sensitive to ovarian sex steroid hormones. Specifically, the amygdala, hypothalamus, hippocampus, and brainstem highly express estradiol and progesterone hormone receptors, therefore integrating steroid hormone information . Ovarian steroid hormones can also affect serotonin neurotransmission derived from the dorsal and median raphe, which in turn can modulate depression-related features of brain function (Bethea et al, 2002) . Therefore, ovarian steroid hormone fluctuations may potently affect brain function in areas critically associated with depressive disorders including their functional connectivity. Both clinical and experimental evidence supports that estrogen affects brain structure (Gould et al, 2000; Yankova et al, 2001 ) and function (Comasco et al, 2014; Sellers et al, 2015) . Estrogen effects in the hippocampus can occur rapidly over the rodent estrous cycle, detectable within 24 h (Woolley and McEwen, 1992) and over the menstrual cycle in humans (Protopopescu et al, 2008) . Initial human studies support a possible temporary neuroprotective effect of hormonal replacement in early menopause as reflected by increased hippocampal volume (Lord et al, 2008) , which seemingly maintains cognitive function including verbal memory in the menopausal transition phase (Amin et al, 2006) independent of longterm cognitive outcomes (Lethaby et al, 2008) . A recent single-subject resting-state functional connectivity (rs-FC) study observed a progesterone (luteal-phase driven) associated increase in rs-FC between hippocampus and bilateral dorsolateral prefrontal cortex and sensorimotor cortex (Arelin et al, 2015) . A larger study demonstrated that default-mode network (DMN) and executive control network resting-state dynamics were altered by menstrual cycle and oral contraception (Petersen et al, 2014) . However, a third study observed no such effects of menstrual cycle (Hjelmervik et al, 2014) . Critically, these studies did not include measurement of serum estradiol, leaving unclear the association between changes in ovarian steroid hormone levels, rs-FC, and related behavioral changes.
Clinical evidence supports disturbances in task-and nontask-oriented brain function/connectivity in PPD relative to healthy postpartum women with fMRI. Amygdala response to threat-related emotional cues is blunted in PPD relative to healthy postpartum women (Moses-Kolko et al, 2010; Silverman et al, 2011) . Further, resting-state fMRI studies have shown that patients with PPD have attenuated amygdala rs-FC to DMN hubs (Chase et al, 2013) and disrupted rs-FC in several regions known to be affected in depression (eg, anterior cingulate, amygdala, hippocampus, and dorsolateral prefrontal cortex) (Deligiannidis et al, 2013) .
We have recently shown that sex-steroid hormone fluctuations elicited by the gonadotropin-releasing hormone agonist (GnRHa) goserelin was associated with alterations in reactivity to emotionally salient faces and processing rewarding stimuli (Macoveanu et al, 2016) . However, the effects of GnRHa manipulation on resting-state connectivity in brain networks implicated in sex hormone related mental illness has not been evaluated. Goserelin initially stimulates and subsequently downregulates ovarian hormone production, in particular estradiol, by desensitising pituitary gland GnRH receptors. Importantly, GnRHa intervention provoked depressive symptoms in some participants, as detailed in Frokjaer et al (2015) making it possible to study neurobiological mechanisms sensitive to transient fluctuations in ovarian sex-steroids and the potential coupling of these mechanisms to the emergence of depressive symptoms.
Here we evaluated GnRHa intervention effects on seedbased rs-FC networks for six brain areas strongly associated with mood regulation and major depression: the amygdala, hippocampus, anterior cingulate cortex (ACC), posterior cingulate cortex (PCC), dorsal raphe, and median raphe. Furthermore, we evaluated the relation between change in rs-FC and depressive symptoms in the GnRHa group to identify resting-state networks associated with individual variability in intervention sensitivity. Finally, building on our previous observation that the magnitude of GnRHa induced estradiol decline was associated with the emergence of depressive symptoms , we evaluated mediation models linking observed effects of GnRHa intervention on change in estradiol levels, rs-FC and the emergence of depressive symptoms.
MATERIALS AND METHODS

Participants, Intervention, and Assessment Timing
Participants were recruited by internet advertisements. Inclusion criteria comprised regular menstrual cycles (duration 23-35 days), normal hormone blood tests, neurological and gynaecological examination, and no history of neurological, gynaecological, or psychiatric disorder. Demographic and clinical characteristics are detailed elsewhere .
Sixty-three healthy women were enrolled in a block randomized, placebo-controlled and double-blind intervention study. Block randomization was performed using an algorithm to balance the distribution of 5-HTTLPR genotype status (ie, L A L A vs non-L A L A ) between groups as previous studies suggest that 5-HTTLPR gene variants may influence the risk of developing depressive episodes in the context of sex-steroid hormone changes (eg, pre-to postpartum transition) (Mehta et al, 2012; Sanjuan et al, 2008) . All participants (mean age 24.3 ± 4.9 years) had regular menstrual cycles and normal blood tests including follicle stimulating hormone, thyroid stimulating hormone, and androgen status at baseline. Five participants were excluded: anovulation (N = 1), became pregnant (N = 1), withdrew for personal reasons (N = 1), MRI artefact (N = 1), and missed menstrual timing at follow-up (N = 1). Consequently, data from 58 participants were available for analyses (Table 1) . Participants received a 3.6 mg goserelin implant (n = 29) or saline injection (n = 29) in a natural cycle during the midluteal phase (GnRHa: cycle day 22.9 ± 3.6 and placebo: 22.7 ± 2.3) by a gynaecologist uninvolved in subsequent data collection or analysis. Imaging, depressive symptoms, and estradiol measures were acquired and evaluated by individuals blinded to group status except for analyses related to only the GnRHa group, for which blinding was not possible. Blinding was maintained during statistical analysis using an arbitrary binary coding for group status.
Baseline measures were placed in the midfollicular phase when ovarian hormone levels are most stable and time since the postovulatory estradiol drop is maximized. Follow-up was placed post bleeding at a time point late enough to allow the GnRHa group to enter early ovarian suppression (17.8 ± 2.8 days after intervention), whereas the placebo group being concurrently in the follicular phase of the next menstrual cycle.
Hamilton 17-item depression rating scale and estradiol concentrations, primary outcome measures, were acquired at Rigshospitalet within 0 ± 2 days from the fMRI at baseline and follow-up. Estradiol was determined in serum with a detection range of 0.04-78.9 nmol/l . As stated previously, samples with levels below the detection range were imputed to 0.04 nmol/l . Estradiol values were log 2 transformed prior to analyses.
The study was registered and approved by the local ethics committee under the protocol number H-2-2010-108. Data were collected between January 2011 and December 2012. Written informed consent was obtained from all participants. Resting-state data included here was included in a previous multimodal neuroimaging methods study of raphe functional connectivity (Beliveau et al, 2015) . The broader study design and intervention effects on brain serotonin transporter levels were published .
Magnetic Resonance Imaging Acquisition and Pre-Processing
Data were acquired on a Siemens 3T Verio scanner at the Danish Research Centre for Magnetic Resonance using a 32-channel head coil (Beliveau et al, 2015) . We acquired high-resolution sagittal, magnetization-prepared rapid-gradient echo T1-weighted structural images (TR/TE/TI = 1900-/2.32/900 ms, flip angle = 9°, in-plane matrix = 256 × 256, slices = 224, voxel size = 0.9 × 0.9 × 0.9 mm, GRAPPA acceleration factor = 2) and a 10 min resting-state scan using a T2*-weighted gradient echo-planar imaging sequence (280 volumes, TR/TE = 2150/26 ms, flip-angle = 78°, in-plane matrix = 64 × 64, slices = 42, voxel size = 3 × 3 × 3 mm, no gap, GRAPPA acceleration factor = 2, interleaved slice acquisition). Participants were instructed to close their eyes but not to fall asleep during the resting-state scan. Data collected were part of a broader MRI scan session wherein participants completed tasks while in the scanner. Restingstate fMRI data, a primary outcome measure, were acquired after the structural scans, prior to fMRI tasks.
The dorsal and median raphe are small structures adjacent to both cerebrospinal fluid (CSF) and white-matter (WM), particularly sensitive to noise sources. Therefore, a specific pre-processing pipeline accounting for these noise sources was used as described previously (Beliveau et al, 2015) . For remaining seeds, functional images were pre-processed using SPM8
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). Functional images were realigned, co-registered with the T1-weighted structural image, normalized into Montreal Neurological Institute (MNI) space (final voxel size: 2 × 2 × 2 mm) then smoothed with an 8 mm Gaussian kernel. Time-series were band-pass filtered (0.008-0.09 Hz) and temporal processing of resting-state data was performed in Conn v13.p (Whitfield-Gabrieli and Nieto-Castanon, 2012). Physiological and other noise sources were estimated using aCompCor (Behzadi et al, 2007) . Volumes with excessive motion (42 mm/degrees) or image variability (44 SDs) were flagged using Artifact Detection Tools (http://www. nitrc.org/projects/artifact_detect/) and censored from analyses.
rs-FC Analyses
We generated rs-FC maps for each participant for six seeds: ACC, amygdala, dorsal raphe, hippocampus, median raphe, and PCC. Bilateral amygdala and ACC seeds were defined using WFU Pickatlas (http://fmri.wfubmc.edu/software/pick atlas). The bilateral hippocampus seed was defined by 5 mm radius spheres~(−25, − 26, − 10) and (25, − 26, − 10) (Deligiannidis et al, 2013) . We used the PCC seed detailed in Conn to delineate the DMN, defined by a 10 mm radius sphere~(−6, − 52,40) (Fox et al, 2005) . Subject-specific dorsal and median raphe seeds were built using an iterative method based on serotonin transporter positron emission tomography scans as described previously (Beliveau et al, 2015) . Dorsal and median raphe seeds were constrained to 115 and 64 mm 3 , consistent with anatomical estimates (Baker et al, 1990; Kranz et al, 2012) . Owing to their small volume and proximity to noise sources, a conservative motion threshold was imposed (Beliveau et al, 2015) and data from only 40 participants (20 goserelin and 20 placebo) were included in analyses. Rs-FC for each seed was evaluated for each participant in separate linear models.
Voxel-level rs-FC maps were generated by calculating the correlation coefficient between a seed time-series and each brain voxel. Coefficients were converted to z-scores using Fisher's r-to-z transformation. Single-subject rs-FC maps were entered into second-level models to determine main effects of connectivity, effects of GnRHa intervention and correlation with change in depressive symptoms. For all analyses, WM, CSF, and cerebellum voxels were excluded using masks based on WFU Pickatlas. To address the issue of multiple comparisons, 3dClustSim in AFNI (http://afni. nimh.nih.gov/afni, v16.2.01, 8 July 2016) was used to determine a cluster extent threshold unlikely to have occurred by chance, a family-wise error correction. Adjusting for the six seeds and two sets of comparisons (ie, group effect and change in depressive symptoms), we determined a cluster extent threshold unlikely to have occurred by chance at αo0.004 (ie, 0.05/12). This corresponded to a voxel-level threshold of po0.001 and a whole-brain cluster extent threshold of k4168 voxels.
Statistics
We evaluated GnRHa intervention effects on rs-FC using an ANCOVA model where rs-FC at rescan was predicted by intervention group with baseline rs-FC as a covariate (Vickers and Altman, 2001) . The intervention group effect reflects the differential effect (ie, active vs placebo) on change in rs-FC. This model was applied at a voxel-level in R v3.0.2 (http://cran.r-project.org/) as described previously (Fisher et al, 2014) . Effects were visualized using SPM8, xjView (http://www.alivelearn.net/xjview) and Freesurfer (surfer. nmr.mgh.harvard.edu). We evaluated the association between change in depressive scores (score at rescan minus baseline) and rs-FC (estimate at rescan minus baseline) in only the participants who received GnRHa intervention to probe rs-FC related to individual variability in GnRHa responsiveness. Where significant effects were observed, mean rs-FC estimates within significant clusters were extracted for visualization. All locations are described in MNI coordinates.
We have previously reported that GnRHa significantly reduced estradiol levels relative to placebo and that the net decrease in estradiol predicted the emergence of depressive symptoms . Therefore, where we observed a significant effect of GnRH intervention on rs-FC, we evaluated whether the GnRHa induced change in estradiol levels mediated that effect. In addition, where we observed an association between change in rs-FC and depressive symptoms, we extracted the corresponding cluster and evaluated the extent to which change in rs-FC-mediated the association between change in estradiol levels and change in depressive symptoms. Mediation effects were estimated using a structural equation model and approximate standard errors were estimated using the delta method. These confidence intervals were compared with non-parametric bootstrap estimates, which produced similar results. Unstandardized and standardized parameter estimates (b') are reported for mediation effects. Models were estimated using the lava package in R. p-values reflect two-tailed tests and po0.05 was considered statistically significant.
RESULTS
Hormone Profiles, and Depressive Symptoms Across Intervention Period
As described previously, hormone responses across the study period confirmed the expected biphasic ovarian hormone response including an initial stimulation and a subsequent ovarian suppression to menopausal estradiol levels . Similarly, GnRHa increased Hamilton scores from baseline (p = 0.003) and relative to placebo (p = 0.02) . At a single-item level we observed that changes in Hamilton scores from baseline in the GnRHa group were distributed across symptom categories (eg, mood, energy level, sleep, anxiety, and somatic components).
Baseline rs-FC and Main Effects of GnRHa Intervention
At baseline we observed distributed regions showing statistically significant rs-FC with our seeds as expected (Figure 1 ). We did not observe evidence for a statistically significant main effect of GnRHa intervention on any rs-FC seed including the DMN as determined by our PCC seed. Surface maps showing medial wall areas significantly correlated with (e) dorsal raphe and (f) median raphe seeds as reported previously (Beliveau et al, 2015) . Color bars represent negative log 10 p-values. Warm colors denote a positive correlation whereas cool colors denote a negative correlation. Outline of respective seed inset.
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Change in Depressive Symptoms and Resting-State Functional Connectivity
To identify connectivity measures associated with the individually variable response to GnRHa intervention, we determined the association between change in depressive symptoms and change in rs-FC in the group receiving GnRHa intervention (n = 29). A positive change score reflects an increase from baseline (ie, rescan minus baseline) for depressive symptoms and rs-FC. For the amygdala seed we observed a cluster in right temporal cortex where change in depressive symptoms was positively associated with change in functional connectivity (24,0, − 50; z = 3.90, k = 331 voxels, Figure 2a) . Conversely for the hippocampus seed, we observed a cluster encompassing cingulate gyrus and pre-supplementary motor area (pre-SMA) where change in depressive symptoms was negatively associated with change in hippocampus functional connectivity (−4,16,48; z = 4.33, k = 211 voxels, Figure 2b ). There were no clusters wherein change in rs-FC with our dorsal raphe, median raphe, PCC, or ACC seeds was significantly associated with change in depressive symptoms.
Next we tested whether change in rs-FC in the above clusters mediated the negative association between net change in estradiol and change in depressive symptoms (ie, a larger decrease in estradiol levels predicted a larger increase in depressive symptoms; Figure 3 ). We observed effects wherein each cluster mediated the effect of change in estradiol on the emergence of depressive symptoms marginally outside our statistical significance threshold (mediation parameter estimate: amygdala-temporal cortex: − 1.08 (−2.26,0.11), b' − 0.28, p = 0.075; hippocampus-ACC/pre-SMA: − 0.69 (−1.75,0.36), b' = − 0.18, p = 0.19; Table 2 ). Although not statistically significant, these models indicate that a greater decrease in estradiol following GnRHa was associated with a larger increase in depressive symptoms via alterations in rs-FC.
DISCUSSION
Here we evaluated the effects of GnRHa intervention on rs-FC with seed brain areas centrally involved in emotional behavior and previously associated with fluctuations in ovarian sex-steroid hormones. GnRHa intervention did not significantly affect rs-FC any of the six seeds we evaluated. We observed clusters where change in rs-FC with our amygdala and hippocampus seeds were correlated with change in depressive symptoms in the GnRHa group. These rs-FC measures partly mediated the association between change in estradiol and the emergence of depressive symptoms, providing novel evidence that substantial fluctuations in sex-steroid hormones contribute to heightened risk for and emergence of depressive symptoms in part through effects on intrinsic functional connectivity.
Notably, GnRHa did not significantly modulate rs-FC in any seeds, which may reflect individual variability in GnRHa intervention sensitivity. This is conceptually consistent with the observation that only a subset of women who experience marked sex-steroid hormone fluctuations during, for example, pre-to post-partum or menopausal transition, develop depressive symptoms. Therefore, we considered whether individual variability in the emergence of depressive symptoms following GnRHa intervention mapped onto change in rs-FC. The emergence of depressive symptoms was significantly positively associated with rs-FC between the amygdala and right temporal cortex, whereas it was negatively correlated with rs-FC between hippocampus and a cluster including cingulate gyrus/pre-SMA. Furthermore, we observed that change in rs-FC partly mediated the association between change in estradiol and the emergence of depressive symptoms, implicating intrinsic connectivity as an important neurobiological mediator of ovarian sex-steroid hormone changes on depressive symptoms. The high expression of sex-steroid receptors in hippocampus and amygdala supports its potential sensitivity to sex hormone signaling . Our findings nominally indicate that a decline in estradiol levels increases hippocampuscingulate/pre-SMA rs-FC but decreases hippocampus-cingulate/pre-SMA rs-FC, which contributes to the emergence of depressive symptoms. Our finding that change in depressive symptoms was negatively associated with change in hippocampus-cingulate/pre-SMA rs-FC is consistent with a previous study that reported decreased hippocampuscingulate rs-FC in PPD women compared with postpartum healthy controls (Deligiannidis et al, 2013) . Although our mediation effects were not statistically significant, we note that even such effects, given our relatively small sample size, provide intriguing support for a role for intrinsic hippocampus and amygdala connectivity as mediators of increased risk for the emergence of depressive symptoms following sex-steroid hormone fluctuations.
It is perhaps surprising that GnRHa and the emergence of depressive symptoms were not associated with amygdalaprefrontal rs-FC, given its critical role in processing emotionally salient stimuli. However, previous studies of depression, including PPD, did not report differences in amygdala-mPFC rs-FC relative to controls (Anand et al, 2005; Chase et al, 2014) but evidence for differences in amygdala reactivity and connectivity to tasks (Moses-Kolko et al, 2010; Silverman et al, 2011) . Thus, our null observation coincides with literature indicating that depression-related amygdala-mPFC alterations are identifiable during emotionally salient tasks rather than in resting-state. In addition, despite convergent evidence linking sex hormones and serotonin signaling (Amin et al, 2006; Bethea et al, 2002 Bethea et al, , 2009 Frokjaer et al, 2010; Moses-Kolko et al, 2003) , we did not observe an effect of GnRHa intervention or the emergence of depressive symptoms on rs-FC with our raphe seeds. Although this may partly reflect challenges in measuring fMRI signal in a small brainstem region (eg, pulsation artifacts), we note that we used a subject-specific multimodal approach to mitigate these effects. Thus, detection of GnRHa intervention effects on serotoninrelated intrinsic connectivity may require larger samples. Notably, this model may capture the onset phase of depressive symptoms , reflecting brain architecture differing from an established depressed state. In profiling single-item Hamilton responses, changes in the GnRHa group were distributed across symptom categories . Notably, sleep disturbances were a prominent feature of the GnRHa response, which often represent an early indicator of depressive episodes (Nutt et al, 2008) , highlighting the potential of our study to model depressive episode onset. Nevertheless, one might speculate if this reflected side-effect phenomena, irrelevant to depressive symptoms. However, GnRHa significantly affected item clusters comprising mood, anxiety, and sleep components of the Hamilton score relative to placebo . Additional side-effects (eg, hot flashes and headaches) were significant or showed trends in the GnRHa group only well after the intervention and thus did not confound the time period wherein rs-FC and Hamilton scores were collected.
Another period of substantial sex hormone fluctuations in women is perimenopause. This period is also characterized by increased risk for depressive symptoms (Freeman et al, 2006) . We are unaware of previous resting-state studies probing the neural pathways mediating these effects (Comasco et al, 2014) but note that our GnRHa protocol reflects a relevant model and our findings provide initial evidence for resting-state networks sensitive to perimenopausal-like fluctuations in sex- Direct and mediation effects are described in Table 2 . The mediation effect is the product of the two top arrows. The Δestradiol → ΔHAM-D connection is the direct effect. The total effect is the sum of the mediation and direct effects.
Sex hormone fluctuations affect resting-state connectivity PM Fisher et al steroid hormones, which can serve as a benchmark for future studies evaluating such changes. Our study is not without limitations. Limited withinsubject test-retest reliability is a challenge facing rs-fMRI studies (Franco et al, 2013) and we cannot rule out that this negatively affected our ability to identify GnRHa-induced changes in rs-FC. The study population was potentially biased toward low-to-average risk for developing even subclinical depressive symptoms because robust individuals may be more likely to participate in a large and demanding imaging program. This would lower our sensitivity to detect GnRHa effects relevant to more vulnerable populations. A broad aim of this study was to establish a pharmacological manipulation model that could be used to study sex hormone fluctuations in a controlled environmental setting. Nevertheless, future study of post-partum, perimenopausal women in a clinical setting or other relevant high-risk groups would further elucidate the relevance of our present results. We cannot disentangle separate ovarian steroid hormone effects because their fluctuations are coupled across phases. However, the model produced the largest contrast between baseline and follow-up estradiol levels, suggesting it is a particularly sensitive marker of intervention. Although we aimed to characterize the effect of a biphasic ovarian hormone manipulation, directly evaluating isolated phasespecific effects (eg, initial estradiol flare component) would have been interesting. However, this was not feasible owing to inherent uncertainty about the exact timing of the initial estradiol peak.
The analyses linking change in depressive symptoms and rs-FC are correlational and do not establish causality. Although the structural equation models assume directionality that is not necessarily established, we think that our model, wherein change in molecular signaling (estradiol) leads to brain network changes that affect behavior, is particularly sensible (Fisher and Hariri, 2012) . Although highly relevant to delineating neurobiological pathways underlying risk for depression, our indirect effects were marginally significant within a small population for testing such effects. Therefore, we interpret them cautiously and acknowledge the need for future studies supporting these effects. It is possible that the emergence of depressive symptoms (or alterations in rs-FC) affects neurobiological mechanisms beyond the 4-week time interval of our protocol, which our study is not situated to identify. Hence, we cannot exclude that such time-frame differences explain discrepancies between our findings and studies including individuals with more fully established depressive states.
In summary, we present evidence that the emergence of depressive symptoms following GnRHa intervention was significantly associated with altered rs-FC with amygdala and hippocampus seeds. This rs-FC partly mediated the association between change in estradiol levels and the emergence of depressive symptoms, suggesting they may represent relevant neurobiological pathways through which fluctuations in sexsteroid hormones increase risk for depression. These findings provide novel insight into neurobiological mechanisms linking the emergence of depressive symptoms and heightened risk for depression with substantial alterations in sex hormone levels during critical phases of a woman's life.
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